A finite element Galerkin formulation has been developed to study electromagnetic propagation fn complex two-dimensional absorbing ducts. The reflection and transmission at entrance and exit boundaries are determined by coupling the finite element solutions at the entrance and exit to the eigenfunctions of an tnflnite uniform perfect conducting duct. Example solutions are presented for electromagnetic propagation with absorbing duct walls and propagation through dielectric-metallic matrix materials.
INTRODUCTION
For inlets and exhaust ducts of jet engines, the structural design and materials are usually determined by aerodynamic, thermodynamic, and structural requtrements. In recent military applications; however, electromagnetic constraints have begun to play a major role In determining the structural composition and geometrical configurations of,inlet nacelles and exhaust ducts. Clearly, the aerodynamlc and electromagnetic disciplines must interact in an effective manner to produce an efficient propulsion system. The NASA Lewis grant program in electromagnetics (Refs. 1 and 2) has been concerned with a basic understanding of electromagnetic propagation in internal propulsion systems. Following the same theme, the present paper presents a finite element analysis potentially capable o f evaluating the electromagnetic absorption and scattering properties of jet engines composed of complex structural geometries and composite materials.
METHOD OF ANALYSIS
The propagation of electromagnetic waves are studied in the two-dimensional (y, z) finite element network shown in Fig. 1 . This configuration is ideal for modeling the grazing absorption by wall materials or direct penetration through materials inside the duct. The calculation domain is composed of uniform infinitely long entrance and exit regions with perfectly conducting walls and the central, variable property, nonuniform region. The boundary conditions associated with Eq. ( 2 ) -r e q u i r e setting the normal gradient o f Hx t o zero a t t h e p e r f e c t l y conducting outer walls and matching the finite element solutions at the entrance and e x i t p l a n e s o f t h e n o n u n i f o r m i t y t o t h e w e l lknown a n a l y t i c a l e i g e n f u n c t i o n e x p a n s i o n s i n t h e u n i f o r m i n l e t and outlet ducts. This permlts a multimodal representatton accounting f o r r e f l e c t i o n and t r a n s m i s s i o n a t t h e d u c t s i n l e t and o u t l e t .
Equation ( 2 ) 
RESULTS AND COMPARISONS
For theory and code v a l i d a t i o n , t h e f i n i t e e l e m e n t s o l u t i o n i s f i r s t a p p l i e d t o a case where an exact solution exits. Next, t h e f i n i t e element solution w i l l be a p p l i e d t o problems w i t h grazing absorption and normal incidence on composite materials. The r e s u l t s a r e expressed i n terms of nondimensional quantities. The axial coordinates have been scaled by the duct height, the p e r m i t t i v i t y and p e r m e a b i l i t y by t h e f r e e space values and the frequency by the duct height and t h e speed o f l i g h t . A l s o , j represents the square root of -1.
Example 1 -R e f l e c t i o n and Transmission with Normal Incidence
The f i r s t case considers a step change i n dimensionless perm i t t i v i t y f r o m 1 t o 4 a t t h e d i m e n s i o n l e s s a x i a l p o s i t i o n o f z equals 0.25 i n s i d e t h e f i n i t e element g r i d . As shown i n F i g . 2, f o r an incident plane wave of dimensionless frequency 2%. t h e f i n i t e element and exact analytical theories are i n good agreement for the absolute magnitude of the magnetic intensity H,.
Reference 3 c o n t a i n s a d d i t i o n a l v a l i d a t i o n examples.
Example 2 -Grazing Wall Absorption A f i v e mode expansion i n t h e e n t r a n c e and e x i t d u c t s was s u f f i c i e n t t o obtajn convergence.
As seen i n Fig. 3 . the magnetic field has decreased t o near zero a t t h e w a l l s . b u t remains r e l a t 
( b ) . I n t h i s case, comparison
of the input plane wave t o t h e r e f l e c t e d modes a t t h e e n t r a n c e i n d i c a t e t h a t 53.3 percent of the incoming energy was r e f l e c t e d back down the duct. Without the iron rods, t h e r e f l e c t e d energy due t o t h e base m a t e r i a l was n e g l i g i b l e . This example j l l u s t r a t e s how h i d d e n i n t e r n a l m e t a l l i c s t r u c t u r a l m a t e r i a l c a n s i g n i f i c a n t l y e f f e c t r e f l e c t i o n c o e f f i c i e n t s .
CONCLUDING REMARKS
The f i n i t e element method has been developed to handle the problem of electromagnetic propagation i n a duct with varying wall p r o p e r t i e s and geometries. The numerical formulation i s r e l at i v e l y s i m p l e t o use and appears t o g i v e v e r y a c c u r a t e r e s u l t s . For higher frequencies many wave lengths w i l l e x i s t i n t h e d u c t r e q u i r i n g a l a r g e number of elements. With the expanded memory c a p a b i l i t y o f t h e modern computer, t h e r e s t r i c t i o n does n o t represent a severe l i m i t a t i o n o f t h e method. 
